Background. Hyperproliferation of glomerular mesangial cells (MCs) is a major pathological characteristic in the early stage of diabetic nephropathy (DN). We have previously confirmed that forkhead transcription factor O1 (FoxO1) was significantly downregulated in both the renal cortex of DN rats and MCs cultured under high-glucose (HG) conditions, but the effects and mechanisms of FoxO1 involved in the hyperproliferation of MCs are still unclear. This study aims to investigate whether FoxO1 regulates the hyperproliferation of MCs induced under high-glucose conditions, through modulating the cyclindependent kinase inhibitor (CKI), p27. Methods. Lentiviral vectors of LV-constitutively active FoxO1 (CA-FoxO1) and LV-small interfering RNA (siRNA)-FoxO1 were constructed to up-and downregulate FoxO1. Similarly, LV-NC-FoxO1 was used as negative control (NC). Rat MCs were cultured in normal glucose (5.6 mM) medium, HG (30 mM) medium, HG with LV-NC-FoxO1, HG with LV-CA-FoxO1 and HG with LV-siRNA-FoxO1 for 72 h. Cell proliferation, cell cycle progression, messenger RNA and protein expression of FoxO1, p27, cyclin D1 and CDK4 were detected by methyl thiazolyl tetrazolium assay, flow cytometry, quantitative real-time polymerase chain reaction and western blotting, respectively. Results. MCs exposed to HG medium triggered hyperproliferation of MCs. Nevertheless, overexpression of FoxO1 caused by LV-CA-FoxO1 promoted cell cycle arrest at the G0/ G1 phase and attenuated proliferation, which was associated with upregulation of p27 and downregulation of cyclin D1 and CDK4. Moreover, specific degradation of FoxO1 by LVsiRNA-FoxO1 caused a decrease of p27, increase of cyclin D1 and CDK4, overrode the limited cell cycle and stimulated proliferation of MCs. Conclusions. Overexpression of FoxO1 caused upregulation of p27, which promoted cell cycle arrest and inhibited hyperproliferation of MCs induced by HG. Degradation of FoxO1 caused an increase in p27 and stimulated MC proliferation.
I N T R O D U C T I O N
Diabetic nephropathy (DN) is one of the most common complications of diabetes, which is the leading cause of end-stage renal failure (ESRF). Patients with ESRF will need to undergo renal replacement through either dialysis or kidney transplantation [1] . Therefore, a major focus in diabetes research has been to develop new and effective means to control DN. A basic pathological change in DN in the initial stage is hyperproliferation of mesangial cells (MCs), which is followed by the accumulation of extracellular matrix and incrassation of the glomerular basement membrane. These renal changes will eventually evolve into diabetic glomerulosclerosis [2] [3] [4] . Therefore, determining how to effectively inhibit hyperproliferation of MCs is the key to controlling the initial stage of DN.
Many protein molecules have been found to be involved in the development of DN, including the forkhead transcription factor O1 (FoxO1). FoxO1 is a prominent member of the FoxO subfamily of forkhead transcription factors and was encoded by the FKHR gene [5] . The members of the FoxO subfamily are evolutionarily conserved transcriptional activators characterized by a highly conserved forkhead domain containing a DNA-binding motif [6] . Transcriptional activities of FoxO proteins can be regulated by multiple mechanisms. The key regulatory mechanism is the nuclear/cytoplasmic shuttling mechanism that regulates the intracellular FoxO distribution [7] [8] [9] . Phosphorylation at three conserved Akt/PKB sites corresponding to Thr24, Ser256 and Ser319 in FoxO1 protein are critical in regulating the shuttling of FoxO1 protein [10] . To retain the transcriptional activity of FoxO1 protein, the three highly conserved phosphorylation sites of FoxO1 were replaced by three Ala amino acid (Thr24→Ala, Ser256→
Ala and Ser319→Ala), and the original FoxO1 was transformed into the constitutively active FoxO1 (CA-FoxO1) in previous studies [11, 12] .
As an important target for insulin and growth factor signaling, FoxO1 has been reported to play pivotal roles in regulating metabolism, cell proliferation, cell cycle, apoptosis and oxidative stress response by regulating the expression of functionally important target genes [13] [14] [15] . Our previous studies have confirmed that the transcriptional activity of FoxO1 was decreased in both renal cortex of DN rats and MCs cultured under high-glucose (HG) conditions, which indicated that hyperproliferation of MCs in DN rats was probably associated with FoxO1 [16, 17] . Nevertheless, the effect and underlying molecule mechanism involved in FoxO1 on proliferation of MCs are still unclear.
In the enormous network of intracellular molecular signals, we direct our focus on the Akt/FoxO1/p27 signaling pathway based on the following evidence from published data:
(i) FoxO1, widely expressed in most tissues and organs of mammals, is phosphorylated and inactivated by the phosphatidyl inositol 3-kinase/Akt (PI3K/AKT) signaling pathway and involves a variety of cellular processes including cell growth, cell cycle distribution and cell apoptosis [18, 19] .
(ii) P27 is a potent inhibitor of cyclin/cyclin-dependent kinase (CDK) complexes. In addition, p27 controls cell cycle progression and cell proliferation by binding and regulating nuclear CDKs [20, 21] .
(iii) Either the increase of p27 or decline of the activities of several key G1 regulatory proteins (CDK2 and CDK4) exert its growth-inhibitory effects by arresting the cell cycle at the G1 phase [22, 23] .
(iv) Fang found that the proliferative action of liraglutide in β cells was mediated by the activation of PI3K/Akt, which resulted in inactivation of FoxO1 and a decrease in p27. Marie also has confirmed that FoxO1 through the regulation of p27 plays a critical role in T-cell proliferation and survival. In a word, the Akt/FoxO1/p27 signaling pathway plays an important role in cell proliferation [24, 25] . Therefore, it is highly possible that the Akt/FoxO1/p27 signaling pathway is involved in regulating the hyperproliferation of MCs induced by HG.
In the present study, we utilized transgenic technology to change the expression of FoxO1 in rat MCs, aiming to explore the effect and mechanism of FoxO1 on the hyperproliferation of MCs. The results show that overexpression of FoxO1 promoted cell cycle arrest at the G0/G1 phase and attenuated hyperproliferation of MCs induced by HG, which was associated with the upregulation of p27 and downregulation of the cell cycle regulators cyclin D1 and CDK4. Our results suggest that FoxO1 may become a potential therapeutic target in the initial stage of DN, possibly through the Akt/FoxO1/p27 signaling pathway.
M AT E R I A L S A N D M E T H O D S

Materials and reagents
Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Solarbio BioTech Co. (Shanghai, China). The ultra-pure RNA extraction kit, mammalian protein extraction kit, MMLV cDNA first strand synthesis kit, Ultra SYBR Mixture, bicinchoninic acid protein assay kit, eECL western blot kit, methyl thiazolyl tetrazolium (MTT) and dimethyl sulfoxide (DMSO) were obtained from CoWin Bioscience Co. (Beijing, China). Primers and gene sequencing were performed by Sangon Biotech Co. (Shanghai, China). The cell cycle detection kit was obtained from KeyGen Biotech Co. (Nanjing, China). Anti-FoxO1, anti-p27 and anti-β-actin antibodies were supplied by Abcam Co. (Cambridge, UK). Anti-cyclin D1 and anti-CDK4 antibodies were purchased from Cell Signaling Technology, Inc. (Boston, MA). All other chemicals were of analytical grade.
Cell culture
The rat glomerular MC line (No. HBZY-1) was purchased from the China Center for Type Culture Collection (Wuhan, China). The MCs were cultured in DMEM supplemented with 10% FBS in an atmosphere containing 5% CO 2 at 37°C. After incubation in serum-free DMEM for 24 h, the MCs were divided into five groups: MCs cultured in normal glucose (NG; 5.6 mM) (NG group), HG (30 mM) (HG0 group), HG with LV-NC-FoxO1 (HG1 group), HG with LV-CA-FoxO1 (HG2 group) and HG with LV-small interfering RNA (siRNA)-FoxO1 (HG3 group).
Construction of lentiviral vectors
The CA-FoxO1 and the siRNA-targeting FoxO1 gene (siRNA-FoxO1, 5 0 -CCAGCTATAAATGCACATTTA-3 0 ) were synthesized according to the methods described in previous studies [11, 26] . In short, CA-FoxO1 (or siRNAFoxO1) modified sequence, containing restriction recognition sites BamHI and NsiI (or EcoRI), respectively, was amplified and cloned into a lentiviral plasmid vector pGLV4-green fluorescent protein (GFP) (or pGLV3-GFP) (GenePharma Co., Shanghai, China), which carries the GFP reporter gene. According to Park's study of constructing lentiviral vectors (LV) [27] , the LV system consists of pGLV4-CA-FoxO1 (or pGLV3-siRNA-FoxO1) and three packaging plasmids ( pGag/Pol, pRev and pVSV-G) (GenePharma Co.). Then, high-purity lentiviral vectors were obtained and used cotransfection. Lentiviral particles were collected, filtrated and concentrated according to the manufacturer's instructions. In the end, two kinds of high-titer lentivirusconcentrated solution were generated, which were named LV-CA-FoxO1 and LV-siRNA-FoxO1, respectively. Similarly, LV-NC-FoxO1 was successfully constructed as negative control (NC), which also produces GFP protein.
Transfection efficiency of lentiviral vectors
MCs (1 × 10 4 /well) were seeded in a 24-well plate and cultivated in serum-free DMEM medium for 24 h. MCs were divided into five groups as mentioned above. Lentiviral vectors infected MCs at an optimized multiplicity of infection. After 72 h, transfection efficiency of lentiviral vectors was observed by inverted fluorescence microscope and detected by flow cytometry (Becton Dickinson Biosciences).
Methyl thiazolyl tetrazolium assay
MCs (1 × 10 3 /well) were seeded in triplicate 96-well plates. Cells were serum starved for 24 h and incubated under the required conditions. After 24, 48 and 72 h, the cell proliferation rate was assessed by MTT assay as described previously [28] . At the indicated time points, MCs were incubated with 100 μL MTT (0.5 mg/mL) for 4 h at 37°C and then the media were replaced with 150 μL of DMSO. When the formanzan was completely dissolved, the optical density (OD) was measured at a wavelength of 492 nm. All experiments were performed in triplicate.
Flow cytometry analysis
MCs were harvested by trypsinization, washed in phosphate-buffered saline and fixed in 70% ethanol at 4°C overnight. RNase was added at a final concentration of 25 µg/mL, incubated at 37°C for 30 min, then 100 mg/mL of propidium iodide was added and incubated at 4°C for 20 min in the dark. The stained cells were analyzed by flow cytometry (Becton Dickinson Biosciences), and the percentage of cells within the G0/G1, S and G2/M phases of the cell cycle was determined. All experiments were performed in triplicate.
Quantitative real-time polymerase chain reaction Extraction of total RNA and synthesis of cDNA were carried out according to the manufacturer's instructions. Quantitative real-time polymerase chain reaction (QRT-PCR) was performed with a mixture of cDNA, primers, Ultra SYBR Mixture and diethylpyrocarbonate-treated water. The mixture was denatured and amplified using the ABI 7500 FAST system (Applied Biosystems Co.) under the following conditions: (i) 10 min at 95°C for 1 cycle, (ii) 15 s at 95°C and 60 s at 60°C for 40 cycles and (iii) 15 s at 95°C, 60 s at 60°C, 15 s at 95°C and 15 s at 60°C for 1 cycle. The PCR primers were designed as follows: FoxO1, 5 0 -AATTTGCTAAGAGC CGAGGA-3 0 (F) and 5
(F) and 5 0 -GTTCAGCTCTGGGATGACCT-3 0 (R). The expression level was normalized to the expression level of the housekeeping gene GAPDH. All analyses were performed using the 2 ÀDDC t method [29] .
Western blot analysis
The dissolution of the MCs, extraction of total proteins and measurement of protein concentration were performed according to the manufacturer's instructions. Western blot analysis was performed according to standard methods as described previously using anti-FoxO1, anti-p27, anti-cyclin D1, anti-CDK4 and anti-β-actin antibodies [30] . After incubation with the respective second antibody, immune complexes were detected by the eECL western blotting kit. The relative intensity of the protein bands was quantified using the smart viewer software (Furi Technology Co., Shanghai, China). The relative protein level was normalized to the β-actin band, and the relative protein level in the control group was defined as 1.0.
Statistical analysis
Statistical analysis was performed by independent-samples t-test using SPSS version 17.0. The results are expressed as mean ± SD. In all cases, a P-value of <0.05 was considered significant difference.
R E S U LT S
Identification of recombinant plasmid vectors
The work of sequencing was performed by Sangon Biotech Co. (Shanghai, China). The sequencing results show that the CA-FoxO1 (or siRNA-FoxO1)-coding sequence was correctly synthesized, which contains the BamHI and NsiI (or EcoRI) cohesive ends. The CA-FoxO1 (or siRNA-FoxO1) gene was successfully cloned into plasmid vector pGLV4-GFP (or pGLV3-GFP). Finally, LV-CA-FoxO1, LV-siRNA-FoxO1 and LV-NC-FoxO1 were successfully constructed.
Transfection efficiency of lentiviral vectors
In order to obtain the transfection efficiency of lentiviral vectors in rat MCs, we observed the GFP expressed in MCs by inverted fluorescence microscope. MCs generated abundant GFP in the HG1, HG2 and HG3 group, but no GFP existed in the NG and HG0 group ( Figure 1A ). In addition, the GFP-positive rate of MCs was detected by flow cytometry. The positive rate of GFP, equal to the transfection efficiency, was 0.1% (NG group), 0.2% (HG0 group), 84.5% (HG1 group), 81.4% (HG2 group) and 98.8% (HG3 group) ( Figure 1B) . The results indicated that the lentiviral vectors efficiently infected MCs, which regulated the FoxO1 expression in MCs.
Effect of FoxO1 on mesangial cell proliferation induced by high glucose In order to investigate the effect of FoxO1 in MCs, we measured the cell proliferation rate by MTT assay. The MTT assay showed that the proliferation rate of MCs cultured in the HG0 group was faster than in the NG group. There was no statistical difference in MC proliferation between the HG0 and HG1 group, which manifested that LV-NC-FoxO1 had no effect on the proliferation of MCs. We observed that the the proliferation rate of FoxO1-overexpressing MCs transfected with LV-CA-FoxO1 was dramatically decreased compared with MCs transfected with LV-NC-FoxO1. Furthermore, the proliferation rate of FoxO1 low-expressing MCs transfected with LVsiRNA-FoxO1 was significantly increased compared with MCs
O R I G I N A L A R T I C L E
F o x O 1 m o d u l a t e s m e s a n g i a l c e l l s p r o l i f e r a t i o n transfected with LV-NC-FoxO1. Taken together, these results demonstrated that upregulation (or downregulation) of FoxO1 inhibits (or promotes) the proliferation of MCs induced by HG ( Figures 1A and 2) .
Effect of FoxO1 on cell cycle distribution in rat mesangial cells Further, to evaluate the effect of FoxO1 on cell cycle progression in MCs, we next performed flow cytometry analysis. As shown in Figure 3 , upregulation of FoxO1 by LV-CA-FoxO1 increased the proportion of cells in the G0/G1 phase (from 51.01 ± 1.34 to 79.67 ± 2.04%; P < 0.05, n = 3) and decreased that in the S phase (from 24.37 ± 0.89 to 4.43 ± 0.47%; P < 0.05, n = 3), indicating that overexpression of FoxO1 could arrest the cell cycle at G1 phase and inhibit cell cycle progression. In contrast, downregulation of FoxO1 by LV-siNRA-FoxO1 decreased the proportion of cells in the G0/G1 phase (from 51.01 ± 1.34 to 38.62 ± 1.03%; P < 0.05, n = 3) and increased that in the S phase (from 24.37 ± 0.89 to 33.51 ± 1.14%; P < 0.05, n = 3), indicating that low expression of FoxO1 could promote cell cycle progression. These results suggest that FoxO1 could block the HG-induced cell cycle progression by inhibiting the G1-S phase transition and arresting cells at the G1 phase.
Effect of FoxO1 on mRNA expression of p27, cyclin D1 and CDK4 in rat mesangial cells To determine the possible action mechanism of FoxO1 on MC proliferation, we evaluated the expression of FoxO1, p27, cyclin D1and CDK4 genes by QRT-PCR (Figure 4) . Taking the messenger RNA (mRNA) level in the NG group as 1, HG strongly inhibited FoxO1 and p27 mRNA expression by the following levels: 0.87 ± 0.05 and 0.81 ± 0.05; however, the cyclin D1 and CDK4 mRNA levels were significantly increased by HG by the following levels: 1.26 ± 0.05 and 1.25 ± 0.04. LV-CA-FoxO1 could inhibit HG-induced downregulation of FoxO1 and p27 and upregulation of cyclin D1 and CDK4 mRNA levels (27.92 ± 1.32, 8.23 ± 0.75, 0.47 ± 0.04 and 0.51 ± 0.04; all P < 0.05). However, LV-siRNA-FoxO1 could promote HG-induced downregulation of FoxO1 and p27 and upregulation of cyclin D1 and CDK4 mRNA levels (0.36 ± 0.03, 0.39 ± 0.04, 1.93 ± 0.27 and 2.07 ± 0.34; all P < 0.05). In addition, LV-NC-FoxO1 did not affect FoxO1, p27, cyclin D1 and CDK4 mRNA expression between the HG1 and HG0 group (all P > 0.05).
F I G U R E 2 :
MTT assay: the proliferation of MCs. MCs were cultured in the NG (NG group), HG (HG0 group), HG with LV-NC-FoxO1 (HG1 group), HG with LV-CA-FoxO1 (HG2 group) and HG with LV-siRNA-FoxO1 (HG3 group) for 72 h. The relative cell number of each group was measured as OD value by MTT test at 0, 24, 48 and 72 h after transfection. The relative OD value was significantly increased in the HG0 group compared with NG group (P < 0.05). There was no statistical difference in the relative OD the HG0 group and HG1 group (P > 0.05). The relative OD value was dramatically decreased in HG2 group compared with HG1 group (P < 0.05). The relative OD value was significantly increased in HG3 group compared with HG2 group (P < 0.05). Values are given as mean ± SD from three independent experiments. A P-value of <0.05 is considered statistically significant.
Effect of FoxO1 on protein expression of p27, cyclin D1 and CDK4 in rat mesangial cells Cell cycle progression is tightly regulated through a complex network of positive and negative cell cycle regulatory molecules such as CDKs, cyclins and cyclin-dependent kinase inhibitors (CKIs). To clarify whether inhibition by FoxO1 involves regulation of cell cycle-related proteins, we assessed G1-checkpoint proteins in MCs. As shown in Figure 5 , LV-NCFoxO1 alone did not show any effect on FoxO1, p27, cyclin D1 and CDK4 expression between HG0 group and HG1 group (all P > 0.05). Active FoxO1 and p27 protein levels were downregulated by HG, whereas those of FoxO1 and p27 were dramatically increased in MCs by LV-CA-FoxO1 infection (all P < 0.05). Furthermore, LV-CA-FoxO1 markedly decreased the protein levels of cyclin D1 and CDK4 (all P < 0.05). In addition, LV-siRNA-FoxO1 significantly decreased the protein levels of FoxO1 and p27 and increased the protein levels of cyclin D1 and CDK4 (all P < 0.05). These results indicate that FoxO1 regulates the activity of G1-checkpoint proteins in association with its cell cycle arrest effects in MCs.
D I S C U S S I O N
Hyperproliferation of MCs is one of the earliest pathological abnormalities in DN. Many studies show that FoxO1 plays a pivotal role in regulating cell cycle progress, cell proliferation and cell death [13] [14] [15] . In previous studies, we have previously confirmed that FoxO1 was significantly downregulated in both the renal cortex of DN rats and MCs cultured in HG conditions [16, 17] . Therefore, it is highly likely that FoxO1 plays a role in the proliferation of MCs in DN rats.
The transcriptional activity of FoxO1 can be regulated by multiple mechanisms, including protein stability, subcellular distribution and modulation of DNA binding [9] . Central to the regulation is the nuclear/cytoplasmic shuttling that regulates the intracellular FoxO1 distribution. Phosphorylation at three conserved Akt/PKB sites corresponding to Thr24, Ser256 and Ser319 in FoxO1 are critical in regulating the shuttling of FoxO proteins [31, 32] . Compared with the past most commonly used method of regulating FoxO1 in the past (e.g. the PI3K inhibitor LY294002), lentiviral vectors have the advantages of continuous, efficient and targeted function [33] . In the present study, and on the basis of previous study [11, 26] , we successfully constructed LV-CA-FoxO1 and LV-siRNA-FoxO1, which mediate up-or downregulation of FoxO1. After being infected with LV-CA-FoxO1 or LV-siRNA-FoxO1 for 72 h, MCs generated large amounts of GFP. It was proved that GFP was observed by inverted fluorescence microscopy and detected by flow cytometry as well. The results of the QRT-PCR assay and western bolt assay also confirmed the up-or downregulation of FoxO1. We investigated the effect and molecular mechanism of FoxO1 on the proliferation of rat MCs induced by HG.
In this study, the proliferation rate of MCs in HG was faster than in NG, which is consistent with the results of Yuan's study [34] . Nevertheless, overexpression of FoxO1 caused by LV-CA-FoxO1 inhibited proliferation of MCs. On the contrary, specific degradation of FoxO1 by LV-siRNA-FoxO1 stimulated MC proliferation. Further, to investigate the antiproliferative effect of FoxO1, flow cytometry analysis was performed. Flow cytometry assays revealed that the antiproliferative effect of overexpression of FoxO1 was associated with MCs arrested at the G0/G1 phase. Previous study has shown that the G1/S phase is a key point regulated by intracellular signaling [35] . This result strongly indicates that FoxO1 targets signal transduction events in the G0/G1-S interphase.
Cell cycle control involves a complex cascade of events. Modulation of the expression and function of cell cycle regulatory proteins (including CDKs, cyclins and CKIs) provide an important mechanism for growth inhibition [36, 37] . The finding that overexpression of FoxO1 arrests the cell cycle at the G0/G1 phase suggests that modulations of several cell cycle regulatory proteins may occur. CDK2 and CDK4 are key mediators during the G0/G1-S-phase progression of the cell cycle and form complexes with cyclin E and cyclin D1 [36, 37] . In this study, we first demonstrate that FoxO1 blocked MC proliferation, which is associated with a decline of cyclin D1 and CDK4 expression. This suggests that inhibition of cyclin D1 and CDK4 by FoxO1 weakened the MC proliferation stimulated by HG.
CDK inhibitors such as p27 are important regulators of the cyclin-CDK complex. It can tightly bind and inhibit the kinase activities of the cyclin D1-CDK4 complex and arrest cell growth at the G1/S boundary [38, 39] . It has been reported that some drugs that upregulate p21 and p27 expression exhibit potent antiproliferative activity against MCs [15, 40] . Fang et al. [24] reported that liraglutide enhanced the activity F I G U R E 5 : Effect of FoxO1 on p27, cyclin D1 and CDK2 levels in rat MCs. MCs were cultured in NG (NG group), HG (HG0 group), HG with LV-NC-FoxO1 (HG1 group), HG with LV-CA-FoxO1 (HG2 group) and HG with LV-siRNA-FoxO1 (HG3 group) for 72 h. (A) Total cellular protein was extracted at the indicated time and analyzed by western blot analysis as described in the section Materials and Methods for FoxO1, p27, cyclin D1 and CDK4. (B) Quantitative analyses were performed for FoxO1, p27, cyclin D1 and CDK4 by densitometer. Each bar represents mean ± SD from three independent experiments. *P < 0.05 versus NG group, # P < 0.05 versus HG0 group.
O R I G I N A L A R T I C L E
of PI3K/Akt, increased phosphorylation of FoxO1 and downregulated expression of p27 and promoted proliferation of β cells through Akt/FoxO1/p27 signaling pathways. Wu et al. [41] found that miR-223 is expressed at a low level in some cancer cells. After up-regulating miR-223 expression level by constructing lentiviral vectors, the expression level of FoxO1 and p27 was also increased in those cancer cells. But, the proliferation of those cancer cells was inhibited. This finding suggests that miR-223 regulates FoxO1 expression and cell proliferation. In the present study, overexpression of FoxO1 caused by LV-CA-FoxO1 promoted cell cycle arrest at the G0/G1 phase and inhibited proliferation, which was associated with upregulation of p27 and downregulation of cyclin D1 and CDK4. Moreover, specific degradation of FoxO1 by LV-siRNA-FoxO1 caused a decrease of p27, increase of cyclin D1 and CDK4 and stimulated proliferation of MCs. Thus, our findings suggest that overexpression of FoxO1 upregulation of p27 expression is consistent with its greater inhibitory effects on the expression of multiple cell cycle proteins. These results verified that FoxO1 expression inhibited hyperproliferation of rat MCs induced by HG, possibly through the Akt/FoxO1/p27 signaling pathway.
In conclusion, our findings may partly explain the mechanism by which FoxO1 attenuates experimental mesangial proliferative renal disease. Our studies suggest that FoxO1 may serve as a potential target to mesangial proliferative disease, such as DN. Although it is often difficult to extend in vitro results to in vivo conditions, our results are consistent with the abovementioned studies in support of a close link between FoxO1 and HG-induced MC proliferation. More studies are necessary to investigate the role of FoxO1 in MCs and the glomerulus.
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